SIRT1 and other NAD-dependent deacetylases have been implicated in control of cellular responses to stress and in tumorigenesis through deacetylation of important regulatory proteins, including p53 and the BCL6 oncoprotein. Hereby, we describe the identification of a compound we named cambinol that inhibits NAD-dependent deacetylase activity of human SIRT1 and SIRT2. Consistent with the role of SIRT1 in promoting cell survival during stress, inhibition of SIRT1 activity with cambinol during genotoxic stress leads to hyperacetylation of key stress response proteins and promotes cell cycle arrest. Treatment of BCL6-expressing Burkitt lymphoma cells with cambinol as a single agent induced apoptosis, which was accompanied by hyperacetylation of BCL6 and p53. Because acetylation inactivates BCL6 and has the opposite effect on the function of p53 and other checkpoint pathways, the antitumor activity of cambinol in Burkitt lymphoma cells may be accomplished through a combined effect of BCL6 inactivation and checkpoint activation. Cambinol was well tolerated in mice and inhibited growth of Burkitt lymphoma xenografts. Inhibitors of NADdependent deacetylases may constitute novel anticancer agents. (Cancer Res 2006; 66(8): 4368-77) 
Introduction
Reversible protein acetylation is an important posttranslational modification that regulates the function of histones and many other proteins (1) . Acetylation of lysine residues, carried out by histone/protein acetyltransferases (e.g., p300, CBP, and p/CAF in mammalian cells), is counteracted by the activity of histone deacetylases (HDAC), which remove acetyl groups from the same targets. Based on the similarity of their primary structures, HDACs can be divided into three groups (2) . Class I and II HDACs (classic HDACs) use a Zn 2+ ion at the active site to activate a water molecule for amide bond hydrolysis. Class III HDACs or Sir2 family of enzymes catalyze a different reaction in which the removal of the acetyl group from the lysine residues is coupled with the hydrolysis of NAD to generate nicotinamide, lysine, and O-acetyl-ADP-ribose (3, 4) . Although the details of this unique biochemical reaction are not yet fully understood at the molecular level, crystal structures of several members of the family have revealed that NAD and the acetylated peptide bind to distinct domains of the protein (5) (6) (7) (8) . NAD binding is accomplished through a protein domain previously characterized as a NAD(H) binding domain in dehydrogenases called the Rossman fold, whereas peptide binding occurs in the cleft adjacent to a small helical domain.
The Sir2 family of enzymes, broadly conserved through organisms ranging from bacteria to humans, has been implicated in a wide range of biological processes, including genetic control of aging in yeast, nematodes, and flies; development in flies and mice; and in control of intermediary metabolisms in bacteria (reviewed in refs. 9, 10). Humans have seven different NADdependent deacetylase genes, SIRT1 to SIRT7 (11) . SIRT1 is a nuclear enzyme that deacetylates histones and several nonhistone proteins. Additionally, SIRT1 and other sirtuins were found to regulate cell survival during stress through deacetylation of key cell cycle and apoptosis regulatory proteins, including p53 (12, 13) , Ku70 (14) , and forkhead transcription factors (15) . Acetylation of p53, Foxo3a, and Ku70 brought about through stress-induced activation of cellular histone/protein acetyltransferases promotes cell death and this effect is counteracted by sirtuin-mediated deacetylation of these protein targets. SIRT1-mediated deacetylation of p53 and Foxo3a interferes with their transactivating functions and deacetylation of Ku70 enhances its binding to the proapoptotic Bax protein, which sequesters and thus inactivates Bax (14) . Related to these cell survival functions, SIRT1 was also shown to play a role in prevention of axonal degeneration (16) and in mediating calorie restriction-induced stress resistance in rodents (17) . Silent information regulator 2 (Sir2)-like enzymes in mammals have also been implicated in differentiation of several tissues, including B lymphocytes, through deacetylation of the transcriptional repressor BCL6 (18) , skeletal muscle through deacetylation of transcription factor MyoD (19) , and in adipogenesis through interactions with peroxisome proliferator activated receptor g (20) . Less is known about the functions of other mammalian sirtuins. SIRT2 is primarily a cytoplasmic protein that deacetylates tubulin (21) and SIRT3 is a mitochondrial enzyme whose function and protein targets are not known (22) .
Although structurally and mechanistically unrelated, sirtuins (class III HDACs) and classic HDACs (class I and II deacetylases) share many common protein targets as exemplified by several of the discussed proteins (e.g., p53, Ku70, BCL6, and tubulin; refs. 18, 23, 24) . Inhibitors of classic HDACs (e.g., depsipeptide, SAHA) have potent antitumor activity (25) (26) (27) consistent with the important role of protein acetylation in tumorigenesis. Given the antitumor activity of inhibitors of classic HDACs and the known SIRT1 role in deacetylation of proteins that regulate cell survival during stress (e.g., p53, KU70, and Foxo3a) and oncogenesis (e.g., BCL6), we decided to explore the possibility that pharmacologic inhibition of NAD-dependent deacetylases could be used as an anticancer strategy. The demonstration that complete absence of SIRT1 is compatible with both cell and animal viability in mouse SIRT1 knockout studies (28, 29) suggests that pharmacologic inhibition of SIRT1 deacetylase for therapeutic purposes may be well tolerated by normal tissues.
We have previously identified splitomicin ( Fig. 1A; ref. 30 ), a potent inhibitor of NAD-dependent HDACs, through a yeast cell-based screen for inhibitors of telomeric silencing. Splitomicin and its derivatives inhibit Sir2 and Sir2 homologues in yeast in vivo (30) (31) (32) (33) . However, the hydrolysis of splitomicin and related lactone compounds at neutral pH (i.e., half-life 30 minutes at pH 7.4; ref. 34) complicates their use in mammalian cells. Hereby, we report the identification and characterization of chemically stable compound related to splitomicin, which we named cambinol, that inhibits the activity of human SIRT1 and SIRT2 and that exerts antitumor activity in vitro and in mouse xenograft studies.
Materials and Methods
Reagents and antibodies. NSC-112546, here called cambinol, was obtained from the National Cancer Institute (NCI) repository of drugs. Splitomicin was identified in yeast cell-based screen for inhibitors of telomeric silencing (30) . The screen of NCI compounds yielded one strongly positive hit labeled NSC-112546. Chemical analysis of the contents of this well revealed that NSC-112546 is actually a mixture of three compounds. The most abundant component is cambinol (identified in the NCI/ Developmental Therapeutics Program database as NSC-112546). The next most abundant component is splitomicin, which is a by-product in the synthesis of NSC-112546 (cambinol). Finally, the mixture also contains the hydrolysis product of splitomicin (2-hydroxy-1-[3V-propionyl]-naphthalene). All of these compounds, as well as ADS012, were synthesized, purified to homogeneity, and tested for activity in cell-based and in vitro assays. Trichostatin A, nicotinamide, etoposide, and paclitaxel were purchased from Sigma. Antibodies to acetylated a-tubulin (clone 6-11B-1, Sigma, St. Louis, MO), a-tubulin (clone DM1A, Calbiochem, San Diego, CA), actin (Roche, Indianapolis, IN), acetylated p53 (Cell Signaling, Danvers, MA), acetylated lysine (polyclonal antibody; Cell Signaling), BCL6 (N-3, for Western blotting; Santa Cruz Biotechnology, Santa Cruz, CA), BCL6 (PG6Bp, for immunoprecipitation; DAKOCytomation, Carpinteria, CA), Ku70 (C-19, for Western blotting and immunoprecipitation; Santa Cruz), p53 (Ab-6; Calbiochem), and SIRT1 (Santa Cruz Biotechnology) were commercially obtained.
HDAC assay. The HDAC assay was done using bacterially expressed and purified glutathione S-transferase (GST) fusion proteins as previously described (33) . The GST-SIRT2 expression plasmid was a gift of Dr. D. Moazed (Department of Cell Biology, Harvard Medical School, Boston, MA) (35) . SIRT1, SIRT3, and SIRT5 cDNA were generously provided by Dr. E. Verdin (Gladstone Institute of Virology and Immunology, San Francisco, CA) (21) . The genes were cloned into GST expression plasmids, expressed, and purified in bacteria. For deacetylation assays, chemically acetylated [ Cell culture. All cells were maintained at 37jC and 5% CO 2 ; the appropriate medium was supplemented with 1% L-glutamine (Life Technologies, Carlsbad, CA) and 1% penicillin-streptomycin (Life Technologies). (36) .
BCL6 transcriptional reporter assay. The components of previously described (37) BCL6 transcriptional reporter system consisting of luciferase reporter gene under control of thymidine kinase promoter and five GAL4 binding sites (G5TK-pGL2) and the expression vector for a fusion protein that contains Gal4 DNA binding domain fused to BCL6 pCDA3(GAL4)-BCL6 were obtained from Dr. Paul Wade (Emory University, Atlanta, GA). The reporter construct with or without varying amounts of GAL4-BCL6 expression plasmid were introduced into NCI-H460 cells using calcium phosphate method. A plasmid containing cytomegalovirus (CMV)-driven h-galactosidase reporter (50 ng) was cotransfected to control for transfection efficiency. Sixteen hours after transfection, cells were treated with 100 Amol/L cambinol of DMSO (control) for 24 hours and the luciferase and h-galactosidase activity was measured.
Immunoprecipitations and Western blot analysis. Cells were treated with the drugs for 16 Immunofluorescence. NCI H460 cells grown on coverslips for 24 hours were treated with 100 Amol/L cambinol and 2.5 nmol/L trichostatin A (Sigma) for another 16 hours. Cells were permeabilized with 0.5% Triton X-100 in warm microtubule stabilizing buffer [80 mmol/L PIPES (pH 6.8), 1 mmol/L MgCl 2 , and 5 mmol/L EGTA] and fixed with glutaraldehyde for 10 minutes. Primary antibodies were targeted against a-tubulin (clone DM1A, Calbiochem) and acetylated a-tubulin (clone 6-11B-1, Sigma). Oregon green-conjugated anti-mouse IgG (Molecular Probes, Carlsbad, CA) was used as secondary antibody. Slides were visualized on a Nikon E800 microscope system equipped with a SPOT2 digital camera.
Toxicity assays. Toxicity was measured with a modified [ 3 H]thymidine incorporation assay as described previously (38) . In brief, cells plated in a 96-well microplate were treated with drugs for 96 hours (4 days) after which medium with the drug was removed and fresh medium containing [ 3 H]thymidine was added. Twenty-four hours later, the medium with [ 3 H]thymidine was removed and [
3 H]thymidine incorporation was measured. Each drug concentration was tested in triplicate. For synergy experiments, the viability of cells treated with two drugs was normalized to the viability of cells that were treated with a single drug. Synergy was evaluated by comparing the IC 50 values of the particular drug with and without cambinol and the P values were obtained using the Student's t test and was confirmed independently using the method of isobole (39) .
Cell cycle analysis. Propidium iodide staining of whole cells was analyzed by flow cytometry. A minimum of 10,000 cells were analyzed for each sample, and results are representative of at least two independent experiments. Cells were treated with the drugs for 48 hours. Both adherent and floating cells were collected, washed with PBS, supplemented with 1% FCS, and fixed with 80% ethanol at 4jC. After washing with PBS, cells were permeabilized with 0.25% Triton X-100 for 5 minutes, washed, and stained in propidium iodide solution in PBS (10 Ag/mL propidium iodide and 1 mg/mL RNase) for 30 minutes at 37jC. The DNA fluorescence was measured by using a FACScanR (Becton Dickinson, Franklin Lakes, NJ) and data analysis was done using FlowJo software.
RNA interference. For small interfering RNA experiments, we generated a pBabe-based retroviral vector expressing a hairpin RNA from the human H1 promoter cloned into the second long terminal repeat. The sequence CAGGTTGCGGGAATCCAAA targets human SIRT1. For retroviral infections, amphotropic virus was made from 293/Phoenix cells by transient transfection of pBabe plasmids. One milliliter of viral supernatant was mixed with 1 mL fresh medium to infect NCI H460 cells (60 mm dishes) overnight. This was repeated once after 24 hours. Twenty-four hours after the last infection, the cell supernatant was changed to fresh growth medium. Forty-eight hours after the last infection, stably infected cells were selected with puromycin (2.5 Ag/mL) for 1 week.
Retroviral infection in Burkitt lymphoma cells. Retroviral expression vectors PINCO, PINCO-BCL6, and PINCO-HA-BCL6DPEST (40, 41) , obtained from R. Della-Favera (Columbia University, New York, NY), were introduced into 293/Phoenix packaging cell line by transient transfection using the calcium phosphate method as described in http://www.stanford. edu/group/nolan/retroviral_systems/phx.html. For infection, 2 million Namalwa cells were resuspended in 2 mL of 50:50 mixture of the viral supernatant and the usual medium [Iscove's modified Dulbecco's medium (IMDM) supplemented with 20% FCS] with 5 Ag/mL polybrene, centrifuged for 1 hour at 1,800 rpm, and incubated at 37jC overnight. After removal of the old medium by careful aspiration (without moving cell out of plates), the same procedure is repeated again the following day. One day after second round of infection, polybrene/retroviral supernatant is removed and replaced with fresh medium (IMDM supplemented with 20% FCS). After 3 days, green fluorescent protein-positive (GFP+) cells (10-15% of total cells) were selected using VANTAGE Cell Sorter (Becton Dickinson). GFP+ cell populations were expanded over 72 hours and characterized by Western blot analysis for HA-BCL6 expression using antihemagglutinin antibody and sensitivity to cambinol using the [ Cambinol, prepared as 10%/10% ethanol/Cremophore solution to improve solubility, at the dose of 100 mg/kg, or vehicle were administered i.v. through tail vein injection or i.p. daily from day 5 to 19 ( five injections per week). The dose of 100 mg/kg cambinol was the highest dose that could be administered as a single i.v. injection due to limited solubility of the drug. Tumor size was measured thrice a week using caliper and the tumor volumes were calculated.
Results
In the search for chemically stable sirtuin inhibitors, we identified a h-naphthol compound, cambinol (Fig. 1A) , that inhibits human SIRT1 and SIRT2 NAD-dependent deacetylase activity in vitro with IC 50 values of 56 and 59 Amol/L, respectively (Fig. 1B) . Cambinol had only weak inhibitory activity against SIRT5 (42% inhibition at 300 Amol/L) and no activity against SIRT3 (Supplementary Fig. S1 ). SIRT4, SIRT6, and SIRT7 do not possess in vitro deacetylase activity (21) . Class I and II HDACs were not affected by cambinol as determined by the examination of the effect of cambinol on nuclear or cytoplasmic (HDAC6) deacetylases ( Supplementary Figs. S2 and S3 ). The substitution of h-naphtol in cambinol with phenol (compound ADS012; Fig. 1A ) led to loss of inhibitory activity against both SIRT1 and SIRT2 (Fig. 1B) consistent with the importance of h-naphtol pharmacophore for the antisirtuin activity of cambinol. SIRT2 competition studies with NAD and histone H4-peptide substrates revealed that cambinol is competitive with the peptide and noncompetitive with NAD (Fig. 1C) . The fact that cambinol does not affect NAD binding to sirtuins suggests that cambinol is unlikely to interfere with NAD binding in other Rossman-fold-containing enzymes, which includes a large number of cellular dehydrogenases.
Cambinol-mediated inhibition of cellular sirtuins leads to hyperacetylation of tubulin, p53, and other SIRT1 and SIRT2 deacetylation targets. To show that cambinol inhibits the activity of cellular sirtuins, we examined the acetylation status of several known SIRT1 and SIRT2 deacetylation targets after cambinol treatment, including tubulin and p53. The deacetylation of the q-amino group of a-tubulin Lys 40 is carried out by both a sirtuin, SIRT2 (21) , and a class II HDAC, HDAC6 (42) . A highly specific monoclonal antibody (clone 6-11B-1) is available for monitoring of this protein modification (43) . We analyzed the effect of cambinol on tubulin acetylation in NCI H460 lung cancer cell line using indirect immunofluorescence and immunoblotting techniques ( Fig. 2A and B) . Treatment with the HDAC6 inhibitor trichostatin A or the SIRT2 inhibitor cambinol alone did not significantly alter the acetylation status of tubulin. (Low dose of trichostatin A, which does not induce appreciable acetylation effect when trichostatin A is used alone, has been chosen in these studies so that the effect of SIRT2 inhibition on tubulin acetylation can be more easily appreciated.) However, combined inhibition of both enzymes resulted in hyperacetylation of tubulin. This result is consistent with the shared roles of the HDACs and sirtuins in tubulin deacetylation and it shows that cambinol inhibits deacetylase activity of SIRT2 in vivo.
Next, we studied the acetylation status of p53, a known SIRT1 substrate, after treatment with cambinol. As SIRT1 has been shown to deacetylate p53 on DNA damage, we evaluated whether inhibition of SIRT1 with cambinol increases acetylation of p53 in NCI H460 cells after etoposide-inflicted DNA damage. NCI H460 cells, which have intact p53, were treated with etoposide, trichostatin A, cambinol, or combinations of the three drugs and analyzed by immunoblotting using acetyl-p53 and p53-specific antibodies. As expected, etoposide treatment increased total p53 protein levels (Fig. 2C) . Furthermore, a barely detectable acetyl-p53 was also observed in etoposide-treated cells, consistent with DNA damage-induced activation of p53 protein by acetylation (13) . However, the combined treatment of cells with Anticancer Activity of Sir2 Inhibitors www.aacrjournals.org etoposide and cambinol led to a significant increase in p53 acetylation. This result shows that cambinol inhibits SIRT1 deacetylase activity in vivo and it suggests that the treatment of cells with cambinol stimulates p53 activation on DNA damage. To evaluate whether cambinol increased p53 activation, we examined induction of p21, a known p53 target gene, during DNA damage response. Consistent with increased activation of p53, we found that cambinol promoted etoposide-induced p21 induction (Fig. 2D) .
In addition to p53, SIRT1 and other sirtuins have been implicated in the deacetylation of Ku70 (15) and forkhead transcription factor Foxo3a (15) . Deacetylation of these proteins promotes survival during stress. Ku70 and Foxo3a immunoprecipitation experiments from HeLa cells treated with the deacetylase inhibitors trichostatin A and cambinol show that inhibition of cellular sirtuins with cambinol leads to Ku70 and Foxo3a hyperacetylation ( Supplementary Fig. S4 ). Together, these results suggest that inhibition of SIRT1 with cambinol abrogates several sirtuin-dependent cellular survival pathways.
Cambinol-mediated inhibition of SIRT1 sensitizes cells to DNA-damaging agents in p53-independent manner. Because we have shown that cambinol-mediated inhibition of SIRT1 increases acetylation of p53, Ku70, and Foxo3a, we evaluated whether cambinol treatment could sensitize cell to DNA-damaging agent etoposide. We first tested p53-positive lung cancer cell line NCI H460. As expected from the p53 acetylation studies in NCI H460 cells, we found that cambinol induced dose-dependent sensitization to etoposide (Fig. 3A) . Down-regulation of the endogenous SIRT1 protein level in NCI H460 cells with small hairpin RNA phenocopied the chemosensitizing effect of cambinol (Fig. 3B) . This result suggests that SIRT1 is the critical cambinol target that mediates its chemosensitizing effects. In further support of this idea, we found that cambinol did not increase etoposide sensitivity in SIRT1À/À MEFs ( Fig. 3C; ref. 28 ). Cambinol also sensitized NCI H460 cells to paclitaxel (Fig. 3A) , indicating that the chemosensitizing effect of cambinol is not limited to DNA-damaging agents. Cambinol promoted G 2 cell cycle arrest in response to etoposide and paclitaxel while having no significant cell cycle effect on its own (Fig. 3D and data not  shown) .
The cell cycle effects of cambinol and sensitization to etoposide are consistent with the SIRT1 inhibition-mediated acetylation and thus activation of p53. However, the chemosensitizing effect of cambinol was seen consistently, albeit to varying degrees, in all cancer cell lines that we have evaluated (Fig. 4A and B and data not shown) and the fact that many of the tested cancer lines were deficient in p53 (e.g., MCF-ADR, OVCAR3) suggested that the cambinol chemosensitizing effect is not dependent on an intact p53 pathway. To evaluate the role of p53 in a more defined model, we tested cambinol-induced chemosensitization to etoposide in MEFs derived from p53À/À mice (44) . We found that the cambinol-mediated sensitization to etoposide and promotion of etoposide-induced cell cycle arrest was not dependent on p53, as p53-negative MEFs (F80 p53À/À) show a comparable or greater degree of chemosensitization ( Fig. 4A and C) and cell cycle (Fig. 4D ) arrest relative to p53-positive MEFs. Cambinol chemosensitizing effect was also independent of the K70 or Foxo3a pathways as shown by intact cambinol-induced chemosensitization in chicken lymphoblastic B cell line DT40 lacking Ku70 protein (45) or in Foxo3a-deficient MEFs (ref. 36 ; Supplementary  Fig. S5 ). The fact that cambinol-induced chemosensitization occurs in the absence of p53, Ku70, and Foxo3a rules out each of these Anticancer Activity of Sir2 Inhibitors www.aacrjournals.org proteins as the dominant sirtuin deacetylation target that mediates the chemosensitizing effect of cambinol. Based on these findings, we hypothesize that SIRT1 has other relevant targets, in addition to p53, Ku70, and Foxo3a that are important in DNA damage responses and that seem to be present in all cancer cell lines that we have examined.
Antitumor activity of cambinol as a single agent in vitro and in a mouse xenograft model. Our initial results suggested that inhibition of cellular SIRT1 and SIRT2 is well tolerated in the absence of other cellular stresses. To evaluate the possibility that sirtuin activity is required for viability in a subset of cancers, we carried out toxicity assays in a larger panel of human cancer cell lines with primary human and rodent fibroblasts as controls. Because of the report that sirtuins deacetylate and regulate the function of transcriptional repressor BCL6 (18) , several B cell lines of germinal center origin that express BCL-6 (Fig. 5A) were included in the analysis. Cambinol showed most potent activity against Burkitt lymphoma cell lines (Fig. 5B) . The nontransformed, EBV-immortalized B cells (B1, B2, and B3), that do not express BCL6 (Fig. 5A) were not sensitive to cambinol. Cambinol was also less toxic to most of the carcinoma and primary cells (IC 50 > 60 Amol/L; Fig. 5B ). Cambinol treatment induced apoptosis in Burkitt lymphoma cells as shown by dose-dependent increase in the proportion of cells with sub-G 1 DNA content (Fig. 5C ) and further confirmed by Annexin V staining ( Supplementary Fig. S6 ). Treatment of Burkitt lymphoma cells with cambinol did not promote their differentiation along the B-cell lineage, as judged by the lack of appearance of plasma cell surface markers (Supplementary Fig. S7 ). The SIRT1/SIRT2-inactive cambinol derivative ADS012 (Fig. 1A and B) containing phenol in place of naphtol was nontoxic to Burkitt lymphoma cells (Fig. 5D) , suggesting that the toxicity of cambinol in Burkitt lymphoma cells is related to sirtuin inhibition.
We evaluated two possibilities as potential causes for Burkitt lymphoma sensitivity to sirtuin inhibition. We first considered the possible role of sirtuins in the suppression of activation of checkpoint pathways in Burkitt lymphoma cells. In support of this possibility, we noted that the cambinol treatment induced hyperacetylation of p53 in Burkitt lymphoma cells in the absence of any DNA-damaging agent or any other external insult (Fig. 6A ). Second, we evaluated the possibility that sirtuin inhibition with cambinol alters acetylation status and function of BCL6 oncoprotein. BCL6 is a transcriptional repressor that plays key roles in germinal center formation and in the pathogenesis of a large fraction of B-cell lymphomas. BCL6 function depends on the activity of HDACs and sirtuins (18) , as hyperacetylated BCL6 has reduced activity. The critical BCL6 residue subjected to acetylation has been mapped to Lys 379 (18) and resides within the PEST region involved in control of ubiquitin-mediated degradation (41) . We found that cambinol-induced sirtuin inhibition increased BCL6 acetylation (Fig. 6B) . Consistent with the known effect of BCL6 acetylation on its repression function, we found that cambinol attenuated BCL6-mediated repression in an established BCL6 reporter assay ( Fig. 6C; ref. 37 ). These results suggest that treatment with cambinol leads to hyperacetylation of BCL6 and thus abrogation of BCL6 repression function. To better define the role of BCL6 acetylation in cambinol-induced toxicity in Burkitt lymphoma cells, we introduced into Burkitt lymphoma cells an allele of BCL6 that lacks the critical lysine residue subjected to acetylation. This BCL6 allele, BCL6DPEST, previously characterized in the Dalla-Favera laboratory, is fully functional but cannot be modulated by acetylation (18, 40, 41) . Namalwa cells infected with BCL6DPEST retroviral expression vector (PINCO-BCL6DPEST) are less sensitive to cambinol (IC 50 > 50 Amol/L) than the cells infected with PINCO control vector (IC 50 18 F 2 Amol/L; Fig. 6D ) or with the wild-type BCL6 expression vector, PINCO-BCL6 (IC 50 19 F 3 Amol/L). This finding establishes BCL6 as an important sirtuin deacetylation target that mediates cambinol toxicity in Burkitt lymphoma cells. However, we cannot rule out potential effect on the p53 pathway. As Daudi cells are tumorigenic in immunodeficient mice, these cells provided the opportunity to determine if cambinol might be Columns, luciferase activity measured in transfected cells treated with cambinol (100 Amol/L) or DMSO (control) and normalized to h-galactosidase activity derived from the cotransfected CMV-h-galactosidase vector; bars, SD. Experiments were done in triplicates. *, P < 0.01; **, P < 0.05, two-tailed t test. D, the nonacetylatable allele of BCL6 confers resistance to cambinol. Namalwa cells were infected with the control retroviral vector containing GFP as a selectable marker (PINCO) or with the BCL6-and BCL6DPEST-expressing vectors (PINCO-BCL6 and PINCO-BCL6DPEST). Pure populations of infected cells were obtained by fluorescence-activated cell sorting using GFP marker and cambinol dose-response curves were generated using [ 3 H]thymidine incorporation assay. The expression of BCL6 and BCL6DPEST was confirmed by Western blot against the hemagglutinin epitope that was used to tag the proteins (data not shown). E, response of xenografts of Daudi cells to systemic administration of cambinol to mice. Five days after implantation of cells, cambinol or vehicle was administered systemically (i.v. or i.p.) for 2 weeks (five injections weekly). Cambinol was prepared as 10%/10% ethanol/Cremophore solution to improve solubility. The dose of 100 mg/kg cambinol was the highest dose that could be administered as a single i.v. injection due to limited solubility of the drug. Each group consisted of three animals. Tumor volumes in cambinol (open columns) and vehicle treated animals (solid columns ) of cambinol. **, P < 0.01; *, P < 0.05, two-tailed t test.
active in xenografts after systemic administration to mice. Initial studies in Balb-c mice suggested that i.v. doses of 100 mg/kg cambinol are well tolerated. For xenograft studies, 20 Â 10 6 Daudi cells were administered s.c. to the flank region of nonobese diabetic/severe combined immunodeficient mice. After palpable tumors were formed, cambinol, at the dose of 100 mg/kg, or vehicle alone, were administered i.v. into the tail vein or i.p. daily for 2 weeks ( five injections weekly). No significant weight loss occurred in cambinol-treated animals relative to controls. Animals were euthanized on day 21 because of the large tumor size in the control group. Treatment with cambinol reduced tumor growth (Fig. 6E) relative to mice treated with vehicle alone. These findings suggest that cambinol is active in the xenograft model and that concentrations of cambinol in vivo are high enough to obtain the antitumor effect without inducing obvious toxicity to animals.
Discussion
The h-naphthol pharmacophore shared by cambinol and other sirtuin inhibitors, including sirtinol (35) and splitomicin (30, 32) , suggests that this group of compounds inhibits NAD-dependent deacetylases in a similar fashion. Competition studies with NAD and peptide substrates show that cambinol is competitive with peptide and noncompetitive with NAD. This finding provides an explanation for several properties of cambinol, including its selectivity among Sir2 family members and low toxicity in vivo. The fact that cambinol is competitive with peptide is in agreement with studies of splitomicin-resistant yeast Sir2 mutants (30) . Splitomicin-resistant mutants contain point mutations in a small helical domain of Sir2 adjacent to the peptide binding site and distal to the NAD binding site. A single amino acid difference in the small helical domain of yeast Sir2 and its homologue Hst1, was found to underlie the ability of splitomicin to differentiate these two highly related enzymes (31) . Cambinol, like splitomicin, discriminates between Sir2 family members as it is selective for SIRT1 and SIRT2. Because splitomicin and cambinol do not affect the NAD binding site, they are not expected to interfere with the function of other Rossman-fold-containing enzymes, including cellular dehydrogenases. Low toxicity is consistent with the lack of off-target activity and is likely related to the mechanism of action of cambinol.
Consistent with the known role of SIRT1 in promoting cell survival, cambinol-induced inhibition of SIRT1 sensitizes cells to chemotherapeutic agents and induced hyperacetylation of known sirtuin targets implicated in stress responses p53, Ku70, and Foxo3a. However, we found that chemosensitization is preserved in cells lacking each of these proteins. This result shows that no single one of these SIRT1 targets plays a dominant role in cambinol-mediated chemosensitization and suggests the presence of other SIRT1-dependent pathways that control resistance to cellular stresses. Other effectors that mediate p53-independent transcription and cell cycle responses upon administration of chemotherapeutic agents include E2F-1 and the p53 family member p73 (46) . As p73, E2F1 (47, 48) , and several other regulatory proteins [e.g., Rb, nuclear factor-nB (NF-nB), and other forkhead transcription factors; refs. 49, 50] are controlled with reversible acetylation, they present potential targets of SIRT1. In contrast to the effect of SIRT1 on p53, Ku70, and Foxo3a, which promote cell survival, the deacetylation of NF-nB was proposed to enhance NF-nB signaling and thus promote cell death (51) . This result suggests that SIRT1 role during stress is complex and that the effect of its inhibition is likely to be cell context specific and determined by the relative importance of the various SIRT1-dependent pathways. Nevertheless, the fact that a large majority of tested cancer cell lines is sensitized with cambinol suggests that the SIRT1-regulated survival pathways exist in most cells and that the net effect of SIRT1 inhibition through these pathways promotes cell death.
Although cambinol sensitized most cells to chemotherapeutic agents, SIRT1/SIRT2 inhibition was well tolerated in the absence of other noxious stimuli. This result is consistent with the specialized role of SIRT1 in promoting cell survival under stress. However, cambinol was toxic in a group of Burkitt lymphoma cell lines in the absence of exogenous stresses, suggesting that sirtuins carry out essential functions in these cells. In support of this idea, we found that h-naphtol pharmacophore modification of cambinol that produces loss of SIRT1/SIRT2 inhibitory activity abolished cambinol toxicity in Burkitt lymphoma cells. The transcriptional repressor BCL6 is an oncoprotein involved in the pathogenesis of germinal center lymphomas, which encompass a large fraction of B-cell lymphomas including Burkitt (52, 53) . Recent demonstration that disruption of BCL6 function leads to growth arrest and apoptosis of the BCL6-containing B-lymphoma cells shows that BCL6 pathway is essential for viability of germinal center tumors (54) . Three experimental findings support the importance of BCL6 as a relevant sirtuin target that mediates cambinol toxicity in Burkitt lymphoma cells. First, consistent with the known role of sirtuins in deacetylation and function of BCL6, we found that BCL6 is hyperacetylated in Burkitt lymphoma cells on cambinol treatment. Second, cambinol attenuated BCL6 repression activity in heterologous transcription reporter assay. Third, nonacetylatable BCL6 allele confers resistance to cambinol in Burkitt lymphoma cells. These observations show that interfering with BCL6 function plays an important role in mediating cambinol-induced cell death in Burkitt lymphoma cells. However, the lack of direct correlation between BCL6 level and cambinol toxicity among the Burkitt lymphoma cell lines (e.g., Ramos cells that have the high BCL6 level were the least sensitive to cambinol) suggests the importance of other pathways as mediators of cambinol toxicity in Burkitt lymphoma cells. An additional mechanism for cambinol toxicity, activation of checkpoint pathways, was suggested by the finding that cambinol treatment in Burkitt lymphoma cells induced hyperacetylation of p53 in the absence of any other stressors. Because cellular oncogenes, such as Myc, and external stresses often activate similar pathways (55) , it is possible that the role of SIRT1 in suppressing the checkpoint activation in Burkitt lymphoma cells may be analogous to its role in suppressing the activation of checkpoint pathways during external stress in other cell types. Both effects, inactivation of BCL6 function and activation of checkpoint proteins, are likely to be responsible for the antitumor effects of cambinol in Burkitt lymphoma cells. Because BCL6 and cell cycle checkpoint pathways are highly interconnected (41, 56) , it may be difficult to dissect the relative contribution of the two proposed pathways.
Our results suggest that sirtuin inhibition may be used as a single modality in tumors, where, similarly to Burkitt lymphoma in our study, sirtuins carry out essential functions. The finding that BCL6 is hyperacetylated in response to cambinol in Burkitt lymphoma cells raises the possibility that other BCL6-expressing B-cell lymphomas might be sensitive to sirtuin inhibition. Identification of other sirtuin deacetylation targets involved in tumorigenesis and genotoxic stress response has the potential to reveal other tumor contexts where sirtuin inhibition presents a therapeutic opportunity. Our studies suggest that NAD-dependent deacetylases presents a target for cancer therapy and add a novel class of agents to the existing drugs that target protein acetylation.
